The ion channel genome is still being defined despite numerous publications on the subject. The ion channel transcriptome is even more difficult to assess. Using high-throughput computational tools, we surveyed all available inner ear cDNA libraries to identify genes coding for ion channels. We mapped over 100,000 expressed sequence tags (ESTs) derived from human cochlea, mouse organ of Corti, mouse and zebrafish inner ear, and rat vestibular end organs to Homo sapiens, Mus musculus, Danio rerio, and Rattus norvegicus genomes. A survey of EST data alone reveals that at least a third of the ion channel genome is expressed in the inner ear, with highest expression occurring in hair cell-enriched mouse organ of Corti and rat vestibule. Our data and comparisons with other experimental techniques that measure gene expression show that every method has its limitations and does not per se provide a complete coverage of the inner ear ion channelome. In addition, the data show that most genes produce alternative transcripts with the same spectrum across multiple organisms, no ion channel gene variants are unique to the inner ear, and many splice variants have yet to be annotated. Our high-throughput approach offers a qualitative computational and experimental analysis of ion channel genes in inner ear cDNA collections. A lack of data and incomplete gene annotations prevent both rigorous statistical analyses and comparisons of entire ion channelomes derived from different tissues and organisms.
INTRODUCTION
All fundamental physiological processes are based on the ability of cells to receive, process, and transmit signals. The signals can be as elementary as small ion movements that create electron potentials across the cell membrane by diffusing in and out of cells through ion channels. These channels allow selected ions to flow through the lipid membrane as a result of changes in the transmembrane potential, ligand binding, or when mechanical forces, temperature, or acidity reach a certain threshold.
Numerous channel variations exist, based on the ions that pass through them and the gating stimuli to which they respond. However, many share a common structural design and are built from similar protein motifs (Wei et al. 1996; Shrivastava and Bahar 2006; Guda et al. 2007) . Several hundred human genes are known to encode ion channel proteins. Many of these genes produce alternative transcripts either due to different-sized untranslated regions (e.g., multiple polyadenylation signals), which result in altered translational efficiency, or due to alternative splicing of coding regions, which produce variant amino acid sequences (Coetzee et al. 1999; Lipscombe 2005; Beisel et al. 2007 ). In addition, protein and transcript variants can be the result of multiple transcription start sites and alternative RNA editing sites (Ayoubi and Van De Ven 1996) . Protein isoforms can substitute for each other and interact in diverse ways, reassembling into complexes with distinct sensitivities and conductance properties.
Many reviews and research articles have been dedicated to the ion channels of various tissues in health and disease (Ackerman and Clapham 1997; Shieh et al. 2000; Niemeyer et al. 2001; Bradding et al. 2003; Rosenthal and Gilly 2003; Jentsch et al. 2004; Kass 2005) . Faulty ion channels are the etiology of numerous channelopathies including blindness, cystic fibrosis, diabetes, cardiac arrhythmias, hypertension, respiratory dysfunction, malignant hyperthermia, neurological and psychiatric diseases, and gastrointestinal disorders (Kass 2005; Ashcroft 2006) . Directly or indirectly, ion channels are targets for many drugs in today_s market (Suh and Yuspa 2005; Tai 2005) and are valuable in nanotechnology applications (Karnik et al. 2005) .
Ion channels play an important role in signal transmission, and their malfunction can lead to both hearing and vestibular dysfunction (Coucke et al. 1999; Holt and Corey 1999; Kharkovets et al. 2000; Hunter 2001; Nicolas et al. 2001; Casimiro et al. 2001; Ashmore 2002; Dumont and Gillespie 2003; Marcotti et al. 2003; Rüttiger et al. 2004; Wangemann et al. 2004 ). Studies of voltage-gated ion channel expression in inner ear tissues (Adamson et al. 2002; Davis 2003) and expression of ionic currents during the development of hearing (Fuchs and Sokolowski 1990; Mammano and Ashmore 1996; Kros et al. 1998; Michna et al. 2003) provide evidence for the fundamental importance of ion channels in defining cellular specialization.
Here, we present hearing-related ion channel transcripts identified in both human and mouse inner ear cDNA collections and report the existence of novel ion channel gene splice variants. Most of these genes have orthologs in zebrafish and rat. We have conservatively chosen genes mapping to orthologous loci from more than one organism to eliminate potential genomic contaminants. Our findings represent a listing of ion channels produced in the ear in the highest number of copies. All of these genes and their variants are expressed in multiple species and tissues, thus representing components of conserved signal transduction circuitry. We also include a table of all ion channel genes found in any one expressed sequence tag (EST) collection from inner ear of human, mouse, rat, or zebrafish, producing the most comprehensive tabulation of hearing and balance relevant ion channel transcripts possible using these resources.
METHODS

cDNA libraries, genome, and ontology resources
To study gene expression profiles of the inner ear, we have mapped the sequences of transcripts from the only two available non-normalized, unsubtracted inner ear derived datasets: 15,048 ESTs from a human fetal cochlear cDNA library (Skvorak et al. 1999; and 19,749 sequences derived from a mouse organ of Corti cDNA library . A portion of these sequences is available in GenBank (http://www.ncbi.nlm.nih.gov/Genbank/) and UniGene databases (http://www.ncbi.nlm.nih.gov/ entrez/query.fcgi?db=UniGene) as the Morton Fetal Cochlear cDNA Library (dbEST Library ID. 371; 16-22 weeks gestation) and the Mouse Organ of Corti cDNA Library (dbEST Library ID.10920; postnatal days 5-13), respectively. Mouse sequences are available also as an interactive web-based public database at NEIBank (http://neibank.nei.nih.gov).
We analyzed ESTs from publicly available normalized and/or subtracted inner ear libraries: 3,405 ESTs from a normalized fetal human cochlear library (dbEST ID.18222, Hamptonet et al. 2005, unpublished) , 22,576 ESTs from a subtracted cDNA library made from 7-week and older postnatal mouse inner ear (RIKEN mouse dbEST library ID.9974; Okazaki et al. 2002; Beisel et al. 2004) , 17,468 sequence reads from a subtracted embryonic zebrafish inner ear cDNA library (dbEST Library ID.10504; Coimbra et al. 2002) , 1,199 EST sequences from the subtracted mouse organ of Corti library (dbEST Library ID.14415, Gerhard et al. unpublished), 1,873 ESTs from a normalized library of newborn mouse inner ear transcripts (Soares NMIE dataset, dbEST Library ID.4088, Klockars et al. 2003) , and 20,090 ESTs from a normalized cDNA library made from rat vestibule (Wackym-Soares dataset, dbEST Library ID.16641, Roche et al. 2005) . Figure 1 illustrates the numbers of ion channel transcripts from the unnormalized human cochlear and mouse organ of Corti datasets. We have compared our findings to ion channel transcript frequencies extracted from the entire UniGene collection, including unnormalized libraries from brain (dbEST 11268, NIH_MGC_144: Strausberg et al. 2002, 10 ,700 unique clones), liver (dbEST ID 7065, NCI_CGAP_ Li9: Strausberg et al. 2002, 28,448 EST sequences, 28,331 unique clones) and kidney (dbEST 539, Barstead MPLRB1: Marra et al. unpublished; 8, 060 sequences, 6 ,749 unique clones), massively parallel signature sequencing (MPSS, Peters et al. 2007) , and rat and mouse microarrays (Rivolta et al. 2002; Lin et al. 2003; Morris et al. 2005) .
All sequences were aligned to the NCBI Human Genome build 35. We selected all genes annotated with the term Bion channel activity^(GO:0005216) or any of its lowerlevel terms (see Fig. 2 
Computational analysis of EST data
To map EST sequences directly to the corresponding genomes, we downloaded and installed BLAT, the BLAST-like alignment tool (Kent 2002) . Genomic contaminant transcripts were determined by the presence of a poly(A) tail in an EST, and the lack of a poly(A) signal, or by the presence of a poly(A)/ poly(T) stretch in the genomic sequence flanking the mapped EST sequence (Gabashvili et al. 2005) .
To determine significant differences in EST frequencies across multiple libraries, the data, which consisted of unique clone counts for ion channel genes and all genes in cDNA libraries, were arranged as 2Â2 contingency tables for applying a Fisher_s exact test (Supplementary Table S2 ). The general Chi-square test was used to compare the ratio of representative ESTs for each gene in each library. Perl and Matlab scripts were written to automate various data download and analysis tasks.
RT-PCR of mouse tissue
RNA was prepared from dissected mouse tissues (brain, cochlea, kidney and liver) using a Qiagen (Valencia, CA) RNeasy kit according to the manufacturer_s instructions. Universal Reference RNA (Stratagene, La Jolla, CA) consisted of total RNA derived from 11 different mouse cell lines, including B-lymphocyte, Tlymphocyte, macrophage, kidney, liver, mammary gland, muscle, skin, testis and two embryonic lines. Equal amounts of total RNA were reverse transcribed using the Superscript III kit (Invitrogen, Carlsbad, CA) with oligo-dT as primer following the manufacturer_s protocols. To control for genomic contamination, parallel reactions were performed without reverse transcriptase. One ml of each reaction (+/-RT) was used in PCR amplification reactions with primers specific to the known 3 ¶ UTR of Trpm3 (BQ563941, Mm.422907), the novel 3 ¶ UTR of Trpm3 identified in this study, the known 3 ¶ UTR of Kcna2 (CF744586, Mm.56930), the novel 3 ¶ UTR of Kcna2, the known 3 ¶ UTR of the longer Kcnma1 variant (AK135652, Mm.343607) and 3 ¶ of the shorter mouse Kcnma1 variant identified in this work (BQ570163, Mm.343607). We note that a similar splice variant of this gene is annotated in human and rat genomes, but not in mouse. Primer sequences for each template consisted of (5 ¶ to 3 ¶): Trpm3, known: forward -AGGGCTAAATT GCAAAATGAAA, reverse -TGACCAATTACAGAGGTG TTGG; Trpm3, novel: forward -TACCAGTGTGGCATT GATTCTC, reverse -GCACCTATGAAGGGGATGAT 
RESULTS
Ion channel genome
The function of most genes annotated as ion channels in the Gene Ontology database (genes annotated with the term Bion channel activity^or its child term, see Fig. 2 Rat and zebrafish. Over three hundred transcripts (5 ¶ ends of 225 unique clones) of the normalized rat vestibular cDNA library map to 115 genes annotated as ion channels in Rattus norvegicus. This number constitutes about 38% of all genes annotated as ion channels in the rat genome and about 30% of the putative vertebrate ion channel genome.
The zebrafish dataset contains 175 ion channel or ion channel-like ESTs (121 unique clones) mapped to 36 genes. Less than half of the human and mouse ESTs map to genes identified in both datasets. Even fewer human transcripts map to ion channel genes from the zebrafish inner ear library, rat vestibular cDNA library, or genes detected in cochlear mouse microarrays. Only two ion channel genes, KCNMA1 and CLIC4, are found in the cDNA libraries from all four organisms and are properly annotated in all these organisms. Table 1 lists all ion channel genes found in any one of the studied libraries and presents several additional genes detected in microarray, MPSS, and reverse transcriptase-polymerase chain reaction (RT-PCR) experiments (as of March 2007). It includes possible genomic contaminations and suboptimal alignments and presents even the weakest candidates. Obviously, it is not possible to directly compare cochlea, organ of Corti, entire inner ear, and vestibular systems to each other. Contributing to the variation between datasets is the limitation that different libraries are constructed using various tissue isolation, RNA extraction, and amplification techniques. Moreover, large-scale experiments are expected to miss genes expressed in low numbers. We find that any one of the high-throughput or lowthroughput techniques applied to ear tissues identifies expression of genes not detected by alternative methods. Nonetheless, comparison of overlapping ion channels shed light on the most highly expressed ion channel genes of the inner ear. Ion channel transcripts identified in the only two unnormalized datasets of human and mouse are listed in Table 2 (Fig. 4a-d) . For several genes, an unannotated gene variant in mouse aligns to a known or predicted variant in humans (Fig. 4c,d , others not shown). For several other genes, an unannotated human gene variant aligns to a known mouse gene (Fig. 4b , others not shown). In addition, we have identified shorter than currently annotated versions of genes, such as those of KCTD12/Kctd12 (not shown) and KCNMA1 (Figs. 3, 4c) . All ion channel genes listed in Table 2 are expressed also in the brain and other organs. Ion channel genes identified in the inner ear from the cDNA libraries analyzed are listed in the supplementary materials along with their GenBank accession number or sequence.
Ion channel isoforms of the inner ear
Detection and characterization of expression of computationally predicted ion channel gene candidates
RT-PCR experiments using RNA derived from various mouse tissues, including inner ear, confirm the expression of some of the predicted Bnovel^gene isoforms listed in Ion channel transcripts presented in column 1 were initially identified in cDNA libraries made from human cochlea (H), mouse organ of Corti and mouse inner ear (M), rat vestibule (R), and zebrafish inner ear (D). Additional transcripts included were identified in mouse and rat microarrays, by MPSS of mouse inner ear, and by RT-PCR experiments. The Genome column presents the organisms whose genomic profiles were screened and found to contain specific genes annotated as having ion channel activity; the GOE column stands for Gene Ontology Evidence, with E and C referring to experimental and computational evidence, respectively; the GO Annotation column presents channel-related gene ontology annotations. We note that GO annotations are sometimes contradicted by experimental evidence. B Bos taurus, D Danio rerio, G Gallus gallus, H Homo sapiens, M Mus musculus, R Rattus norvegicus, ICA ion channel activity, IBID the same. Material) . Expression of both Trpm3 isoforms, in all tissues examined, is detected by additional PCR amplification (data not shown), suggesting Trpm3 is expressed at lower levels in these other organs. Our statistical analysis also shows significantly higher expression of the shorter (known) Trpm3 isoform in the ear vs brain, liver, and kidney (see Supplementary Material) . Increased PCR cycles reveal expression of both Kcna2 isoforms in kidney and liver, but not in the reference RNA (data not shown).
The new isoform of Kcnma1 identified by our method is a smaller transcript than that previously reported in mouse. It is predicted to encode a protein with a slightly altered carboxyl terminus, changing the final eight amino acids from RDKQNRKEMVYR to RDKQKYVQEERL. Interestingly, the PCR primers chosen to amplify the known variant of mouse Kcnma1 amplify a slightly longer product from cochlea as compared to the other tissues. Sequencing of the PCR products revealed that the band observed in the cochlea is 29 bp longer than the other bands due to alternative splicing and inclusion of a small exon. The resulting frameshift creates a longer carboxyl terminus of the protein, replacing the final eight amino acids with RDKQNATRMTRMGQAEKKWFTDEPDNAYPRNI QIKPMSTHMANQINQYKSTSSLIPPIREVEDEC. Similar isoforms were reported previously in rat cochlea , and while this manuscript was under review, Beisel et al. (2007) reported the same variants in mouse inner ear validating our findings. Our sequences have since been submitted to GenBank (accession numbers EF490432 and EF473653). No other relevant mRNA sequence is available in the GenBank for mouse, and the M. musculus genome is not properly annotated.
DISCUSSION
Computational procedures were developed to identify genes of particular function by mapping the entire genome and applied to ESTs from a selected collection of inner ear cDNA libraries. We presented all ion channel genes including their possible splice variants identified by high-throughput methods in human, mouse, rat, and zebrafish, but focused on genes reproducibly found in human cochlea and mouse inner ear. Obviously, there are natural fluctuations in gene expression in the cell, and the accuracy of expressed gene counts improves as more data become available. While the majority of our analyses produce the same results as UniGene or other gene-indexing tools, a significant difference lies in our ability to identify novel transcript variants. Our results are necessarily biased toward the 3 ¶ end of genes because the cDNA libraries analyzed were oligo d(T) primed and not full length. Even with this   FIG. 3 . RT-PCR products illustrate that both the Bknown^and Bnovel^splice variants of Trpm3, Kcna2, and Kcnma1 can be detected in mouse RNAs derived from various tissues. Control genes included Otor, found only in inner ear, and Gapdh, which is ubiquitous in these tissues. The presence or absence of reverse transcriptase enzyme in the RT reaction is indicated by +/ _ , thus, controlling for genomic contamination. Blank indicates no sample. M is a 100-bp marker.
limitation, we have identified and experimentally confirmed several novel variants among genes expressed in the inner ear. By using the EST mapping technique, we find that nearly half the ion channel genes identified in both the human cochlear and mouse organ of Corti cDNA libraries have previously unannotated variants. It is reasonable to expect that alternative transcripts differ in their expression patterns (Yura et al. 2006 ).
Limitations of the method
The existing inner ear EST datasets are not representative solely of inner ear receptor cells, as they comprise only about 1% of the inner ear. While these data are expected to capture any genes with the highest level of expression, limitations are still set by the types and number of datasets screened. For example, we are limiting ourselves to some 15 genes when examining only ion channels reliably expressed in both human and mouse inner ear EST collections. If we look at ion channel transcripts available in cDNA libraries of at least two vertebrate organisms (human, mouse, rat, zebrafish), the gene count increases to 60. If we select ion channel genes identified in either human cochlea or mouse organ of Corti, the list of ion channel genes increases to 83 (78 if we exclude potential genomic contaminations). After addition of all other available cDNA libraries of the inner ear from human, mouse, rat, and zebrafish, the number of ion channel genes increases to 197.
As with any experimental system, different techniques can yield different results. Some ion channel genes were not identified by EST-based methods despite strong experimental evidence of their presence in microarrays, MPSS, and RT-PCR studies. For example, we did not find 18 genes in any of the inner ear EST libraries of the 36 ion channel genes detected in a mouse hair cell microarray experiment (Rivolta et al. 2002) . Furthermore, the expression of over 50 ion channel genes not found by ESTsequencing was detected in inner ear tissues by microarrays or MPSS. In addition, RT-PCR experiments revealed at least eleven ion channel genes that have never been identified in any existing inner ear cDNA libraries, nor detected by microarray and MPSS experiments. These are KCNN1 (Nie et al. In the following discussion, we relate only some of our findings to the experimental inner ear literature because a comprehensive review of all the findings is beyond the scope of this paper.
Synopsis of differential gene expression in the inner ear
Our data show that K + channels have the highest expression levels in the ear, followed by nonselective cation channels, and then by Ca 2+ and nonselective anion channels, which are expressed at the lowest levels. We observed a wider variety of voltage-gated channels than purely ligand-gated channels. Amiloride-sensitive cation channels, for example, are expressed in low numbers in both mouse and rat inner ear cDNA libraries, but are not detected in the human cochlea by EST analysis.
K+ channels
Cells of the inner ear differ from most other signalconducting cells in their elevated use of K + ions, highly concentrated in the endolymph that baths the apical regions of the sensory cells. Thus, K + channels have a significant role in regulating K + ion movement from the cells of the stria vascularis through the sensory cells where voltage and ligand-gated channels fine-tune the transduced signal. Thus, there is a host of different K + channel types. The large conductance Ca 2+ -activated K + channel (K Ca1.1 , also called BK or MaxiK), has been studied extensively in the inner ear. The BK channel contributes to frequency tuning in hair cells of nonmammalian vertebrates, whereas in mammals, recent findings in BK knockout mice reveal no hearing loss, but a decreased sensitivity to noise (Fettiplace and Crawford 1980; Crawford and Fettiplace 1981; Lewis and Hudspeth 1983; Ramanathan et al. 1999; Pyott et al. 2007) . Despite these differences, a gene that encodes the a-subunit, KCNMA1, contains multiple splice variants in both mammalian and nonmammalian hair cells (Navaratnam et al. 1997; Rosenblatt et al. 1997; Jones et al. 1998; Ramanathan et al. 1999; Langer et al. 2003; Beisel et al. 2007 ). However, the mammalian variants are not annotated in the mouse and rat genomes. Only one KCNMA1 gene variant was detected by mapping of the human and mouse ESTs, a shorter isoform annotated in human as transcript variant II (NM_002247) and previously unannotated in mouse. A short isoform of a KCNMA-like gene in zebrafish was also identified (data not shown). A second KCNMA1 transcript variant was revealed fortuitously upon PCR amplification of the Bknown^transcript from mouse tissues.
Orthologs of all of the above KCNMA1 transcript variants are reported in mouse (Butler et al. 1993; Beisel et al. 2007 ) and rat cochlea , along with several other alternative splice variants of KCNMA1. These transcript variants, however, were not annotated in the mouse and rat genomes nor were corresponding mouse mRNA sequences available in NCBI_s Entrez databases before our submissions (accession numbers EF490432 and EF473653).
A few members of the various Kv subfamilies were reported experimentally for the inner ear. These include Kv1.2 (KCNA2), which was recently immunolocalized to the vestibular dark cells and sensory epithelium of both human and mouse vestibular tissues; Kv1.4 and Kv1.5 were absent (Hotchkiss et al. 2005) . We identified KCNA2 in both human and mouse, and Kvb1.2, also reported by Hotchkiss et al. (2005) , in the larger mouse dataset. KCNA2 is present as an extended isoform in both datasets. Our analysis suggests that the new isoform has a longer UTR than the canonical form, potentially with a previously unrecognized role in translational regulation. KCNB1, found in the mouse dataset was identified previously by PCR in X. laevis inner ear (Varela-Ramirez et al. 1998) , while KCNC1 was immunolocalized previously in mouse spiral ganglion (Adamson et al. 2002) and developing chick cochlear ganglion and hair cells (Zhou et al. 2001) . Absent from cDNA libraries was Kv4.2 (KCND2), which is found in chick and mouse cochlear ganglion and hair cells (Adamson et al. 2002; Rivolta et al. 2002; Sokolowski et al. 2004) .
Potassium currents through inward rectifier K + channels contribute to hearing. Loss of expression of a representative of this two-transmembrane (2 TM) domain subfamily (K ir ), KCNJ10, causes deafness by abolishing the endocochlear potential (Wangemann et al. 2004) . We observed expression of KCNJ10 in both human cochlea and mouse inner ear, while KCNJ16 was expressed in all human and mouse datasets. RT-PCR experiments showed KCNJ10 present in guinea pig cochlea from ED3 to adulthood . KCNK members were detected in several datasets. This K + selective leak channel passes larger outward than inward currents due to open channel rectification (Plant et al. 2005) . TWIK-1 (KCNK1) and TWIK-2 (KCNK6) were found previously in the rodent inner ear using RT-PCR and immunolocalized to the strial and dark cells of the cochlea and vestibule, respectively (Nicolas et al. 2003; Mhatre et al. 2004 ). KCNK6 is a positional candidate for DFNA4, a form of autosomal dominant nonsyndromic hereditary hearing loss. TREK-1 (KCNK2) was detected previously in rat cochlea using RT-PCR and immunolocalized to both sensory and supporting cells (Kanjhan et al. 2004 ).
We identified gene variants of a protein that contains an amino terminal similar to those found in Shaker channels. KCTD12 is an intronless gene that appears to have predominant fetal expression in the human cochlea (Resendes et al. 2004) . Three splice variants of KCTD12 were identified in both human and mouse datasets, with the longest transcript being the most abundant. These splice variants differ in the UTR, which has several polyadenylation signals. The molecular role of this gene in the inner ear remains unknown, despite being a statistically significant differentiator of ear libraries vs all other tissues. KCTD12 is annotated as a gene with Bvoltagegated K + channel activity^[its GO evidence code is Binferred from electronic annotation^(IEA)] in human, mouse, and zebrafish genomes. This gene family encodes proteins with motifs akin to the tetramerization (T1) domain of Kv channels. This domain regulates a subunit initiation assembly and biophysical properties (Li et al. 1992; Bixby et al. 1999; Zerangue et al. 2000; Quirk and Reinhart 2001; Yi et al. 2001 ) and interacts with b-subunits (Gulbis et al. 2000) that regulate a function and surface expression (Accili et al. 1997a, b; Bahring et al. 2001; Lazaroff et al. 2002) . However, any similarity to a functional ion channel needs additional verification.
Ca
2+ and Na + channels
Our data suggest that Ca 2+ and Na 2+ channels are expressed in relatively lower numbers in the inner ear. High voltage-activated channel subunits CACNA1E (Cav1.2, a1C) and CACNA1D (Cav1.3, a1D) (L type) are present in both mouse and rat, while several other subunits such as the intermediate voltage-activated CACNA1E (R-type channel; Cav2.3) were detected only in mouse. The L-type Ca 2+ channel is found in the hair cells of various mammalian and nonmammalian inner ears (Kollmar et al. 1997; Ramakrishnan et al. 2002; Bao et al. 2003; Michna et al. 2003; Dou et al. 2004; Liang et al. 2004; Roche et al. 2005) , where its loss in the cochlea leads to deafness (Platzer et al. 2000) . The R-type Ca 2+ channel (CACNA1E, Cav2.3, a1E) was localized to the outer hair cells and their underlying nerves in guinea pig (Green et al. 1996; Layton et al. 2005) , whereas in mouse, it appears in multiple structures during development (e.g., spiral bundle and efferent fibers), but only at the base of the outer hair cells in adult (Waka et al. 2003) . We identified only one Ca 2+ channel gene, coding for the low voltage-gated, T-type, a1G subunit (CACNA1G), in both human and mouse libraries. I CaT is found briefly during different stages of development in the cochlear ganglion and hair cells of the chick (Jimenez et al. 1997; Sokolowski 2006; Levic et al. submitted) . Both human and mouse libraries used in the present study are from fetal and late neonatal stages, respectively, suggesting a reason for detection in these libraries. Ca 2+ channel subunits a1A (P/Q type) and a1B (L and N type) were found in a rat vestibular library (Roche et al. 2005) , while P and Q types were reported in recordings from chick embryonic cochlear ganglion cells (Jimenez et al. 1997) . Other Ca 2+ channel subunits, for which there was no strong and consistent amplification, such a1S, b2, and g, were never found in any of the available inner ear cDNA libraries, nor detected by microarray experiments.
Voltage-gated Na + channel genes (SCN) detected included SCN1A, 3A, 7A, 10A, 8AA, 1B, and 4B. Na + channels appear to have only a transitory role in some species. They are expressed in rat outer hair cells on postnatal days 0-9, but expressed barely by day 18 (Oliver et al. 1997) . In mouse inner hair cells, Na + current (potential candidate Nav1.7; SCN9A) is present as early as ED16.5 and disappears by the onset of hearing on postnatal day 12 (Marcotti et al. 2003) . In comparison, spiral ganglion cells of adult mouse are immunoreactive for Nav1.2 (SCN2A) and Nav1.6 (SCN8A) (Hossain et al. 2005) . Previously, SCN2A and SCNA3A were suggested as candidate genes for deafness at the DFNA16 locus; the evidence, however, is inconclusive (Kasai et al. 2001 ). In addition, both Nav1.2 (SCN2A) and Nav1.6 (SCN8A) were identified using single cell RT-PCR on rat utricular hair cells (Chabbert et al. 2003) , while Nav1.5 (SCN5A) was reported recently using electrophysiology, RT-PCR, and immunolocalization (Wooltorton et al. 2007 ).
TRP channels
The molecular basis of mechanotransduction in hair cells of the inner ear remains to be elucidated fully (Clapham 2003; Kung 2005) . TRPA1 channels were initially thought to be the holy grail of auditory transduction channels in mammals (Corey et al. 2004) , as another member of this superfamily, TRPN1, had been discovered previously in the hair cells of zebrafish (Sidi et al. 2003) . More recent studies in mammals reported contradictory evidence for TRPA1 (Bautista et al. 2006) , although a candidate may still be found among this superfamily (see Cuajungco et al. 2007 for review). Our data show that three sets of ESTs from the human dataset align to orthologous TRP genes in mouse: TRPM3, TRPM7, and TRPC4A. Several TRPM3 ESTs align to a region about 4,000 nucleotides (nt) downstream of the human TRPM3 gene and about 2,000 nt downstream of the mouse TRPM3 gene, suggesting the presence of a longer 3 ¶ UTR than previously described. TRPM3 has 24 exons spanning over 500,000 nucleotides in both human and mouse genomes. Multiple alterna-tively spliced transcripts were predicted for TRPM3, and it seems likely that various TRPM3 isoforms might be expressed in the inner ear. TRPM3 splice variants detected by this analysis are not hearingunique, as ESTs from eye, brain, kidney, and other tissues co-align with ESTs from the inner ear. Our RT-PCR experiments revealed that the predicted Bnovel^variant of TRPM3 is, indeed, present in relevant tissues. TRPV1 channel not revealed by high-throughput experiments was identified previously by PCR (Kitahara et al. 2005) . TRPV2 was identified recently by MPSS analysis of mouse inner ear (Peters et al. 2007 ).
Anion channels
Nonselective anion channels were expressed at the lowest levels. In the inner ear, Cl _ channels are found both in sensory and non-sensory tissues (Marcus and Marcus 1989; Wangemann and Marcus 1992; Ando and Takeuchi 2000) . One of the novel human Cl _ channel variants identified in this work, CLCN3, has a longer 3 ¶ UTR than the classical variant and aligns to the known isoform of mouse CLCN3. Analysis of expressed human sequences from the GenBank database shows that the longer isoform is not cochlea specific. Other members identified include CLIC5 and CLCNKA and CLCNKB. CLIC5 is found in hair cell stereocilia, its loss leads to hearing deficiency in mouse knockouts (Gagnon et al. 2006) . The latter two are functionally expressed in non-sensory tissues of the inner ear and the kidney (Ando and Takeuchi 2000; Hebert 2003; Maehara et al. 2003; Qu et al. 2006) , although, there is some evidence for expression of the Clc-K1 channel (CLCNKA) in the outer hair cells (Kawasaki et al. 2000) . Loss of hearing is associated with Bartter_s syndrome type IV, which is the result of mutations in a b subunit, barttin (BSND), a protein that gives rise to significant Cl 
Ligand-gated channels
Acid-sensing channels are potential candidates for mechanosensitive transduction in the stereocilia of the inner ear (Corey 2006). ACCN1, 2, and 3 were present in rodent EST libraries. PCR studies revealed expression in the spiral ganglion and fibers of the mouse inner ear (Hildebrand et al. 2004 ). Functionally, ACCN3 mouse knockouts show an increase in hearing thresholds from 2 to 3 months. However, there was no mutation of ACCN3 in a family with DFNB13 hearing loss, despite ACCN3 mapping to the same chromosomal region as DFNB13. Deletions of other members, such as Asic2 (ACCN2), do not produce deafness in mice; although this mutation decreases spiral ganglion responses and susceptibility to noise (Peng et al. 2004 ). In comparison, Asic1b (ACCN1) channels are localized to the base of the stereocilia, but its function in the inner ear is not known (Ugawa et al. 2006) .
We detected CHRNA4, 7, 9, and 10 in our study. A nicotinic sensitive ACh receptor that allows the influx of cations such as Ca 2+ mediates efferent inhibition in the outer hair cells (Fuchs and Murrow 1992; Hiel et al. 2000; Marcotti et al. 2004; Gomez-Casati et al. 2005) . Both a9 (CHRNA9) and a10 (CHRNA10) subunits contribute to the formation of this heteromeric channel Plazas 2005 ). In our study, CHRNA9 was detected in one normalized mouse cDNA library and previously by PCR . CHRNA10 (nicotinic ACh receptor a10) was cloned previously from human ear and lymph tissue (Lustig et al. 2001) .
GABRA 1 and 2 of the gamma-aminobutyric acid (GABA) receptor genes were detected in rat and mouse databases, respectively. Sequences were absent in human cDNA libraries, whereas GABRA1, 2, and 3 (GABA A a1, 2, and 3 subunits) were detected also in mouse microarrays. GABA receptors modulate efferents in the cochlea. Recent studies show that mutations in mice of GABA A a and b (GABRB) affect hearing differently (Maison et al. 2006) . Those with mutations of the a1, 2, 6, and D subunits had normal hearing, whereas those with mutations of a5, b2, and 3 had elevated hearing thresholds suggestive of outer hair cell dysfunction.
We found only one glutamate receptor present in both human and mouse cDNA libraries, GRIA4 (glutamate AMPA4). Excitatory postsynaptic currents are carried by AMPA receptor subunits (Glowatzki and Fuchs 2002) located postsynaptically on afferent terminals that innervate the inner hair cells. Immunogold labeling of AMPA receptor subunits in rat (GluR1-4), localize Glu2/3 and 4 postsynaptically on the afferent end terminals (Matsubara et al. 1996) , whereas in situ hybridization studies in guinea pig suggest GluR2 (GRIA2) and 3 (GRIA3) mRNA expression in the spiral ganglion neurons and GluR4 (GRIA4) in the glia (Safieddine and Eybalin 1992). Presently, only immunoreactivity of Glu2 and 3 was observed in the inner ear (spiral ganglion) of mouse.
CONCLUSION
Ion-channel-mediated signal transduction in the ear is very complex and requires investigation in the context of many other interactions and pathways. This analysis is a first step toward this goal, as it identifies the most highly expressed and conserved ion channels in the ear, across multiple species. We show that large-scale experiments identify many but not all ion channels expressed in the inner ear. Moreover, we estimate that over half of the ion channel genome is expressed during the lifetime of the inner ear. All ion channels listed herein are present in other tissues (most often in the brain), illustrating the conservation of components among different Bdecision making processes^of cells receiving and transmitting electrical and mechanical signals.
Similarities between sequences of gene variants expressed in the ear are striking when comparing human and mouse, and new variants reported here and elsewhere are found in the analogous tissues of both species. These splice variants are observed in other tissues, often displaying a similar pattern of expression, suggesting the importance of transcriptional and translational regulation of ion channel genes in the inner ear, and analogously, in other organs and tissues as well. The main difference between the inner ear and other signal-conducting organs appears not to be in the specific variants of ion channel genes, but in their relative expression levels.
